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Abstract: Archaeological research in high mountain regions has gotten a lot more attention since the discovery
of the copper age mummy called “Ötzi” in the Ötztaler Alps in 1991. In the Tyrolean Stubai Alps, the
Mesolithic site Ullafelsen at 1869 m a.s.l. (above sea level) close to the recent upper timberline in the
Fotsch Valley represents, on the one hand, a very important archaeological reference site and offers,
on the other hand, intriguing research questions related to, amongst others, pedogenesis. Given that no
biomarkers and stable isotopes have been hitherto investigated, we aimed at contributing with respec-
tive analyses and additional radiocarbon dating to a better understanding of the landscape evolution
and pedogenesis on and around the Ullafelsen.
Our results for modern vegetation suggest that leaf-wax-derived n-alkanes allow us to chemotax-
onomically distinguish between subalpine deciduous trees (nC27 predominance) versus (sub)alpine
grasses, herbs and dwarf shrubs (nC29, nC31 and/or nC33 predominance). Except for Juniperus,
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conifers produce no or extremely low n-alkane contents. Although no clear vegetation changes could
be inferred from the n-alkane patterns of the investigated soil profiles, the total n-alkane content (TAC)
was developed for the first time as an unambiguous proxy for distinguishing between buried (= fos-
sil) topsoils (2Ahb horizons) and humus-enriched subsoils such as Bh horizons of podzols. Based on
this leaf wax proxy, we can rule out that the 2Ahb?/Bh? horizons under question on the Ullafelsen
are buried topsoils as suggested previously. Dating of the H2O2-pretreated soil samples yielded 14C
ages for the podzol Bh horizons ranging from 6.7 to 5.4 cal kyr BP. This is clearly younger than the
overlying Mesolithic living floor (LL) (10.9 to 9.5 cal kyr BP) but pre-dates the assumed intensifi-
cation of alpine pasturing from the Bronze Age onwards. Both the LL and the directly overlying
OAh3 horizon yielded black carbon maxima and benzene polycarboxylic acid patterns reflecting fire-
induced human impact during the Mesolithic. The discrepancy between the Mesolithic charcoal 14C
ages (ages of ≥ 9.5 cal kyr BP) versus the 14C ages obtained for bulk n-alkanes ranging from 8.2
to 4.9 cal kyr BP suggests that non-alkane-producing conifers predominated the vegetation on and
around the Ullafelsen after the Mesolithic occupation. Only with the anthropo-zoological lowering of
the timberline associated with alpine pasturing since the Neolithic and especially the Bronze Age has
an n-alkane-producing vegetation cover (grasses, herbs or dwarf shrubs) started to predominate.
Kurzfassung: Mit dem Fund der kupferzeitlichen Mumie „Ötzi“ in den Ötztaler Alpen im Jahr 1991 hat die Hochge-
birgsarchäologie viel Aufmerksamkeit erfahren. So wurde unter anderem der fürs Mesolithikum sehr
bedeutende Fundplatz Ullafelsen in 1869 m ü.NN. nahe der oberen Waldgrenze im Fotschertal in den
Stubaier Alpen entdeckt, der auch aus bodengenetischer Sicht spannende Fragen aufwirft. Ziel der
vorliegenden Arbeit ist es, basierend auf Biomarker- und Stabilisotopenanalysen sowie zusätzlichen
Radiokohlenstoffdatierungen (14C) einen Beitrag zum besseren Verständnis der Landschaftsentwick-
lung und Bodengenese des Untersuchungsgebietes zu leisten.
Unsere Ergebnisse zeigen, dass blattwachsbürtige n-Alkane als Lipidbiomarker eine chemotax-
onomische Unterscheidung von subalpinen Laubbäumen (Dominanz von nC27) und (sub)alpinen
Gräsern, Kräutern und Sträuchern (Dominanz von nC29, nC31 und/oder nC33) erlauben. Dagegen
produzieren Nadelbäume mit Ausnahme von Juniperus keine oder kaum n-Alkane. Zwar lassen sich
basierend auf den n-Alkanmustern keine eindeutigen Vegetationsänderungen für die untersuchten
Bodenprofile vom Ullafelsen belegen; dafür konnten die n-Alkangehalte (TAC) erstmalig als aus-
sagekräftiger Proxy für die Unterscheidung von begrabenen ehemaligen (= fossilen) Oberböden
(2Ahb Horizonte) und humusangereicherten Unterböden (wie Bh Horizonten von Podsolen) entwick-
elt werden. Basierend auf diesem Blattwachsproxy kann für die fraglichen 2Ahb?/Bh? Horizonte am
Ullafelsen zweifelsfrei ausgeschlossen werden, dass es sich so wie bisher vermutet um begrabene spät-
glaziale Oberböden handelt. Die Datierung H2O2-behandelter Bodenproben dieser podsolbürtigen Bh
Horizonte lieferte 14C-Alter zwischen 6.7 bis 5.4 cal kyr BP. Das ist stratigraphisch inkonsistent und
deutlich jünger als der überlagernde und anhand von Holzkohlen auf 10.9 bis 9.5 cal kyr BP datierte
mesolithische Begehungshorizont (LL) aber älter als die ab der Bronzezeit einsetzende Almwirtschaft.
Sowohl Black Carbon (BC) Maxima als auch die Muster von Benzolpolycarbonsäuren (BPCAs) als
BC Biomarker in der LL und dem unmittelbar überlagernden OAh3 Horizont belegen den men-
schlichen Einfluss durch Feuer während des Mesolithikums. Während die mesolithischen Holzkohlen
14C Alter ≥ 9.5 cal kyr BP liefern, deuten die 14C Alter von 8.2 bis 4.9 cal kyr BP für n-Alkane da-
rauf hin, dass unmittelbar nach der mesolithischen Besiedelung am Ullafelsen eine Vegetation vorge-
herrscht haben muss, die kaum n-Alkane produziert hat (= Nadelbäume). Erst mit der anthropo-
zoologisch bedingten Absenkung der Waldgrenze durch Almwirtschaft seit dem Neolithikum und
insbesondere während der Bronzezeit begann n-alkanproduzierende Vegetation (Gräser, Kräuter und
Zwergsträucher) vorzuherrschen.
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1 Introduction
Archaeological research in high mountain regions has got-
ten a lot of attention since the discovery of the copper age
mummy called “Ötzi” in the Ötztaler Alps in 1991. Results of
former archaeological research projects show that Mesolithic
hunter-gatherers lived in the Alpine regions from the begin-
ning of the Holocene (Fontana et al., 2016, and publications
in the special issue MesoLife). For instance, Cornelissen
and Reitmaier (2016) presented detailed respective evidence
from the central and southeastern Swiss Alps. In the Tyrolean
Stubai Alps, the Mesolithic site Ullafelsen at 1869 m a.s.l.
(above sea level) and its surroundings in the Fotsch Val-
ley represent a very important archaeological reference site
(Schäfer, 2011a) (Fig. 1). Thousands of archaeological arte-
facts and several fire places were found, which provide ev-
idence of the presence and the human–environment interac-
tion of our ancestors (Schäfer, 2011b). Accordingly, the Ul-
lafelsen was used as a summer camp during the Preboreal and
the Boreal from around 10.9 to 9.5 kyr BP. Apart from high
mountain archaeology, the “Mesolithic project Ullafelsen”
included many more scientific disciplines, ranging from ge-
ology, petrography, geomorphology, sedimentology and soil
science to (paleo)botany (Schäfer, 2011a).
From a pedological and sedimentological perspective, a
striking and frequently occurring light layer (LL) attracted
much attention on the Ullafelsen (Geitner et al., 2011, 2014).
In the subalpine zone, light horizons typically developed as
eluvial albic horizons (E horizons) due to biotic and climatic
factors favouring podzolisation (Zech and Wilke, 1977; Egli
et al., 2008). On the Ullafelsen, the LL reveals, however,
several characteristics that are untypical for E horizons, and
the LL is considered as the Mesolithic living floor. Indeed,
most of the artefacts and fire places were found in and on
the LL (Fig. 2). Based on stratigraphical features and related
soil analyses, Geitner et al. (2011, 2014) suggested that the
LL developed by aeolian dust deposition during the Younger
Dryas (YD) and that it overlies a late glacial buried topsoil
(2Ahb) that developed during the favourable climatic condi-
tions of the Bølling–Allerød period. Unequivocal evidence
for the existence of this late glacial 2Ahb horizon is, how-
ever, hitherto missing, and neither micromorphological nor
preliminary 13C nuclear magnetic spectroscopy results were
able to resolve this issue.
Over the past decades, analytical progress has allowed
us to develop new methods in the field of biogeosciences
based on the investigation of organic marker molecules
(biomarkers) and stable isotopes (e.g. Glaser, 2005; Zech
et al., 2011b), which complements more traditional analyt-
ical approaches. For instance, black carbon (BC) based on
the analyses of benzene polycarboxylic acids (BPCAs) as
organic marker molecules can serve as a proxy for fire-
derived carbon and aromatic-structured molecules in gen-
eral even if char particles are not preserved (Glaser et
al., 1998, 2001; Glaser and Birk, 2012; Lehndorff et al.,
2015). Similarly, plant leaf-wax-derived n-alkane biomark-
ers are preserved in soils and sediments over at least glacial–
interglacial timescales, have potential in chemotaxonomic
studies and thus allow us to reconstruct vegetation changes
from palaeoenvironmental archives even if the preservation
of pollen is poor (Zech et al., 2012; Lemma et al., 2019;
Trigui et al., 2019). Moreover, compound-class radiocarbon
dating of bulk n-alkanes was developed during the last years
and allows us to address both potential pre-ageing and poten-
tial post-depositional rejuvenation of n-alkanes in sedimen-
tary archives (Zech et al., 2017; Lerch et al., 2018; Bliedt-
ner et al., 2020). Last but not least, other molecular lipid
biomarkers allow us to infer, for instance, dietary information
in geoarchaeological studies (Grillo et al., 2020), and the sta-
ble nitrogen isotopic composition (δ15N) of soils allows us to
infer the human-induced opening of the N cycle (Zech et al.,
2011a). Such biomarker and stable isotope studies had been
hitherto not tested and applied within the “Mesolithic project
Ullafelsen”.
The overall aim of this geoarchaeological follow-up study
was, therefore, to contribute particularly with biomarker and
stable isotope analyses, as well as with radiocarbon dat-
ing, for a better understanding of the pedogenesis, the hu-
man impact and the landscape evolution on and around the
Mesolithic site Ullafelsen. More specifically, we addressed
the following questions. (i) Is the humus-enriched subsoil
horizon on the Ullafelsen a buried topsoil (2Ahb horizon)
or humus-enriched by podzolisation (Bh horizon)? (ii) Do
biomarker and stable isotope results validate the LL as the
Mesolithic living floor and/or eluvial albic horizon? (iii) Do
n-alkane biomarkers allow us to chemotaxonomically distin-
guish the dominant vegetation types around the Ullafelsen
and is there any evidence for late glacial and Holocene vege-
tation changes from n-alkanes on the Ullafelsen? (iv) Is there
evidence for human impact from black carbon on the Ul-
lafelsen? (v) Can we gain new insights from merging existing
knowledge with new biomarker-based findings?
2 Material and methods
2.1 Study area: the Ullafelsen in the Fotsch Valley,
Stubai Alps, Austria
The study area was described in detail previously (Schäfer,
2011a). In brief, the approximately 13 km long Fotsch Valley
is situated in the northern part of the Stubai Alps southwest
of Innsbruck (Fig. 1). In the south, the highest mountain is
the Hohe Villerspitze at 3087 m a.s.l.; in the north, the Fotsch
Creek discharges into the Melach River (tributary of the Inn
River) in the Sellrain Valley and the village of Sellrain at
about 900 m a.s.l.
Geologically, the Fotsch Valley is part of the “Ötztal-
Stubai crystalline complex”, which belongs to the Aus-
troalpine nappes. Its metamorphic rocks, which are mainly
Para- and Orthogneisses, primarily built up the valley. In
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Figure 1. (a) Map showing the location of the Mesolithic site Ullafelsen in the Fotsch Valley southwest of Innsbruck, Austria. (b) Northward
view from the inner Fotsch Valley over the Ullafelsen (1869 m a.s.l.) near the recent upper timberline located at 1800–2000 m a.s.l. (the white
tent indicates the archaeological excavation) and toward the Karwendel mountain range in the Northern Limestone Alps (from Schäfer,
2011b).
Figure 2. (a) Soil profile 1.9 SW on the Ullafelsen with the strikingly humus-enriched OAh3 and 2Ahb?/Bh? horizons. The latter was
suggested by Geitner et al. (2011) to be a buried topsoil (→ 2Ahb) that was buried by aeolian deposition during and after the Younger Dryas.
(b) Schematic horizontation of the soil profiles on the Ullafelsen; actually, the profiles reveal a high heterogeneity. The LL (light layer)
reveals the highest relative artefact abundance, is overlain by several fire places on the Ullafelsen and is considered as the living floor of the
Mesolithic hunter-gatherers. Please note that in previous publications (Geitner et al., 2011, 2014) the topsoil horizons were classified as Ah
horizons. Due to TOC concentrations partly ≥ 15 % we add the classification as O layers.
the southern part, mountain peaks (e.g. Villerspitzen) are of
amphibolite (Nittel, 2011). During glacial times, the Fotsch
Valley became U-shaped by glacial erosive processes; the
Ullafelsen at 1869 m a.s.l. (47.14702◦ N, 11.21475◦ E) rep-
resents a rock hummock (Fig. 1). Several moraine walls at
around 2000 m a.s.l. in the valley were assigned to the Ege-
sen Stadial (Younger Dryas). The deposition of the innermost
moraines during the early Preboreal around 11.0 kyr ago is
explicitly not excluded by Kerschner (2011) and might be ex-
plained with a glacier advance caused by pronounced humid
conditions and a solar activity minimum during the “Prebo-
real Humid Phase” around 11.2 kyr BP (Hepp et al., 2019).
Nowadays, only a small glacier, the Fotscher Ferner, remains
on the southernmost slopes of the valley.
Climatically, the Fotsch Valley is situated within the Euro-
pean west wind belt characterised by moderate climate and
in a transition zone between the Northern and the Central
Alps (Schlosser, 2011). The microclimate strongly depends
on local conditions and orography with thermally and oro-
graphically induced wind systems being very regular.
The vertical vegetation gradients in the Fotsch Valley are
similar to other parts of the Central Alps (Kemmer, 2011).
Montane spruce forests with Picea abies dominance grow
up to an elevation of 1600 m a.s.l. Above, it is replaced by
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the subalpine Arolla pine forest (Pinus cembra). While the
potential timberline reaches up to 2200 m a.s.l., the actual
timberline at 1800–2000 m a.s.l. is considered to have been
lowered by anthropo-zoological disturbances associated with
alpine pasturing. The study site Ullafelsen lies at the tim-
berline and is characterised by the transition to (sub)alpine
dwarf shrubs and pastures. Above 2300 m a.s.l., alpine grass-
lands (Nardus stricta, Caricion curvulae) and vegetation
adapted to snow (Salicion herbaceae) dominate (Kemmer,
2011). Additionally, Alnus and Betula shrubs occur along
creeks and Sphagnum and Carex peat bogs with associated
respective vegetation developed especially in the (sub)alpine
zone.
Leptosols and Cambisols are the dominant reference soil
groups occurring in the alpine and the montane zone, respec-
tively. In the subalpine zone, Podzols are frequently found es-
pecially under (sub)alpine dwarf shrub vegetation, and His-
tosols have developed in flatter valley floors and in slope
positions. As emphasised in the introduction, the light layer
LL on the Ullafelsen (see Fig. 2) reveals several characteris-
tics that are untypical for Podzol E horizons (Geitner et al.,
2011, 2014). For instance, it is covered by an up to 15 cm
thick OAh topsoil horizon, and the boundary between these
units is often quite sharp. The LL is moreover considered as
the Mesolithic living floor because in and on the LL most
of the artefacts and fire places were found (Fig. 2). Geit-
ner et al. (2011, 2014) suggested that the LL developed by
aeolian dust deposition during and after the Younger Dryas
(YD) and that it overlies a late glacial buried topsoil (2Ahb)
that developed during the favourable climatic conditions of
the Bølling–Allerød period. While unequivocal evidence for
the existence of a late glacial 2Ahb horizon is hitherto miss-
ing, podzolisation processes alone can undoubtedly not ex-
plain the pedogenesis of the soil profiles on the Ullafelsen.
Sedimentation processes are needed, too. The radiocarbon-
dated fire places overlying the LL related to the presumed
Mesolithic living floor serve as valuable chronological mark-
ers and date to the Preboreal and the Boreal periods from
around 10.9 to 9.5 cal kyr BP (re-calibrated from Schäfer,
2011b) (Table S1 in the Supplement). Last but not least, re-
cent optically stimulated luminescence (OSL) dating of the
LL yielding an age of 10.9± 1.8 ka corroborates – despite
the large age uncertainties – this chronology and the idea
of aeolian dust input during the late-glacial–Holocene tran-
sition (Michael Meyer, personal communication, University
of Innsbruck, Austria, 2021).
2.2 Sampling of modern vegetation and soil profiles
In total, 20 leaf samples of typical and dominant vegetation
types were collected from the Ullafelsen and surroundings
in July 2015 and from the nearby Potsdamer Hütte peat bog
(1970 m a.s.l.) and surroundings in August 2019. The sam-
ple set comprises coniferous trees (n= 2; Picea abies, Pi-
nus cembra), Juniperus communis (n= 1; considered sepa-
rate from coniferous trees), deciduous trees (n= 2; Betula
pendula; Alnus viridis), alpine dwarf shrubs (n= 4, Vac-
cinium vitis-idaea, Vac. myrtillus, Calluna vulgaris, Rhodo-
dendron ferrugineum), herbs (n= 5; Potentilla erecta, Car-
damine amara, Epilobium palustre, Saxifraga spec., Viola
palustris), mosses (n= 4; Moss spec., Sphagnum rubellum,
Sphag. cuspidatum, Amblystegiaceae) and grasses (n= 2; not
specified).
Four profile walls from the archaeological excavation
(1.1 B5W, 1.1 B5S, 1.1 C4W and 1.1 G5N) and three profile
walls from a nearby trench (1.9 NE, 1.9 NW and 1.9 SW)
on the Ullafelsen (Fig. 3) were sampled by horizon in Au-
gust 2017, resulting in 37 soil samples in total. Note that the
schematic horizons as described in Fig. 2 are not fully de-
veloped in all profiles. The samples were classified by hori-
zon, and only those samples that could be unambiguously
assigned were used for the further data evaluation (n= 33):
OAh1 (n= 3), OAh2 (n= 3), OAh3 (n= 3), LL (n= 8),
2Ahb?/Bh? (n= 6), Bs (n= 5) and BvCv (n= 5). Moreover,
a buried fire place was discovered several metres northeast
of the excavation (RP20) (Fig. 3). There, three charcoal sam-
ples from 10, 15 and 20 cm depth were taken for radiocarbon
dating.
In addition, 40 soil samples were taken from 13 profile
walls elsewhere in the (sub-)alpine zone of the Fotsch Valley.
Classification included E (n= 7) and 2Ahb?/Bh? (n= 15)
horizons; those samples serve as reference for the geoarchae-
ological samples from the Ullafelsen. Both 2Ahb and Bh
horizons are to be expected in the study area due to podzoli-
sation and slope dynamics. A detailed overview of all inves-
tigated profiles and samples including all results is provided
in the Supplement (Table S2 and Fig. S1).
2.3 Biogeochemical analyses and radiocarbon dating
The soil samples were air dried, sieved (< 2 mm) and finely
ground. Total carbon (TC) and total nitrogen (N), as well as
the stable carbon and nitrogen isotopic composition (δ13C
and δ15N, respectively), were determined using an elemen-
tal analyser coupled to an isotope ratio mass spectrometer
(EA-IRMS). Given the non-carbonate parent rock material
and the low pH values (< 4 in CaCl2) of the soils (Geitner et
al., 2011), we consider in the following TC values to reflect
total organic carbon (TOC). The natural abundances of 13C
and 15N are expressed in the usual δ scale; precision as deter-
mined by replication measurements of standards was 0.26 ‰
and 0.32 ‰, respectively.
Total lipid extracts from leaf and soil samples were
obtained using Soxhlet and ultrasonic extraction follow-
ing standard procedures (e.g. Lerch et al., 2018), and
dichloromethane and methanol (9 : 1) were used as the sol-
vent mixture. The aliphatic fraction including the n-alkanes
was separated over aminopropyl pipette columns by eluting
with hexane. The n-alkane identification and quantification
were performed using a gas chromatograph–flame ionisa-
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Figure 3. North-northwest view over the Ullafelsen at the upper timberline showing the geoachaeological excavation area 1.1 with the
reopened and resampled profiles 1.1 B5, 1.1 C4 and 1.1 G5 and the newly opened and sampled profile, 1.9, several metres towards the
southeast.
tion detector (GC-FID; GC-2010, Shimadzu) and external n-
alkane standards. The total n-alkane contents (TACs) were
calculated as the sum of nC21 to nC35 and are expressed in
micrograms per gram (µg g−1) for the leaf samples and ad-
ditionally in micrograms per gram TOC for the soil samples.
The cursive n refers to unbranched and saturated hydrocar-
bon homologues; subscript numbers refer to the number of
carbon atoms of the respective n-alkane homologues. For fur-
ther data evaluation and interpretation, we additionally cal-
culated the odd-over-even predominance (OEP) according to
Eq. (1),
OEP=
nC27+ nC29+ nC31+ nC33
nC26+ nC28+ nC30+ nC32
, (1)
the average chain length (ACL) according to Eq. (2),
ACL=
27× nC27+ 29× nC29+ 31× nC31+ 33× nC33
nC27+ nC29+ nC31+ nC33
, (2)





Black carbon (BC) was analysed using benzene polycar-
boxylic acids (BPCAs) as molecular fire markers follow-
ing Glaser et al. (1998). In brief, hydrolysis was realised
using 10 mL of 4M trifluoroacetic acid (TFA) for 4 h at
105 ◦C (Brodowski et al., 2005). The residues were digested
with 65 % nitric acid for 7 h at 170 ◦C, 100 µg of phthalic
acid were added as internal standard, and the filtrates were
cleaned over Dowex 50W resin columns. After the addi-
tion of Biphenylen-2,2-dicarboxylic acid as recovery stan-
dard and after derivatisation, the BPCAs were detected and
quantified using a GC-FID (GC-2010, Shimadzu) equipped
with a 30 m SPB-5 column (Supelco) and an external stan-
dard mixture.
The results of the above-described analyses are depicted
in the form of box plot diagrams in Figs. 4, 5 and 6. The box
plots indicate the median (solid line between the boxes), the
interquartile range (IQR) with the lower (25 %) and upper
(75 %) quartiles, lowest values still within 1.5× IQR of the
lower quartile, highest values still within the 1.5× IQR of
the upper quartile, and outliers (dots).
Radiocarbon (14C) dating at the Ullafelsen site was per-
formed on four untreated soil samples and five soil samples
that were pretreated with HCl and H2O2 from the 2Ahb?/Bh?
horizon, on seven bulk n-alkane samples from the LL, and on
three charcoal samples from RP20 that were also pretreated
with HCl (see Table 1). The HCl and H2O2 pretreatment
aimed at removing young carbon pools in order to yield ages
for old and resilient soil organic carbon pools reflecting the
start of humus enrichment. The H2O2 pretreatment followed
the method described by Favilli et al. (2009). Similarly, the
14C dating of the bulk n-alkanes (following the method de-
scribed by Zech et al., 2017 and Lerch et al., 2018) aimed at
yielding maximum ages based on the insight that n-alkanes
are not water-soluble and thus not rejuvenated by podzolisa-
tion processes. This is corroborated by extremely low con-
centrations of unsaturated hydrocarbons in dissolved organic
E&G Quaternary Sci. J., 70, 171–186, 2021 https://doi.org/10.5194/egqsj-70-171-2021
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matter of Podzols as recently reported by Maria et al. (2019)
based on high-resolution mass spectrometry.
Radiocarbon analyses were carried out at the Laboratory
for the Analysis of Radiocarbon with accelerator mass spec-
trometry (LARA AMS) of the University of Bern, Switzer-
land (Szidat et al., 2014). Samples were packed and weighted
into tin boats (Elementar, 6× 6× 12 mm). The 14C dating
was performed on the Mini Carbon Dating System (MI-
CADAS) AMS coupled online to an Elementar analyser
(Wacker et al., 2010; Ruff et al., 2010). Results are reported
as fraction modern (F14C), i.e. the activity ratio of a sample
related to the modern level. All F14C results were corrected
for cross-contamination and constant contamination accord-
ing to the contamination drift model of Salazar et al. (2015).
The 14C ages were calibrated to calendar ages (cal yr BP)
with the IntCal20 calibration curve (Reimer et al., 2020) us-
ing OxCal (Bronk Ramsey, 2009).
3 Results and discussion
3.1 Total n-alkane contents and patterns of modern
vegetation
The total n-alkane contents (TACs) of the leaf samples range
from 0 to 1819 µg g−1 (Picea abies and Betula pendula, re-
spectively) (Fig. 4). This is within the range reported in the
literature (Zech et al., 2012; Tarasov et al., 2013; Schäfer et
al., 2016; Bliedtner et al., 2018; Trigui et al., 2019; Struck et
al., 2020) and provides evidence that Betula, Alnus and many
other deciduous trees produce high amounts of n-alkanes. By
contrast, except for Juniperus, coniferous trees and mosses
are characterised by very low TACs. This “blindness” of n-
alkane biomarkers for coniferous trees needs to be consid-
ered when aiming at reconstructing vegetation history such
as shifts of the upper timberline based on n-alkane patterns
from soils and sediments.
Figure 4 moreover depicts the n-alkane patterns of decid-
uous trees being significantly different compared to other
vegetation types. The ACL yielded a mean value of 27.4
for the two deciduous tree samples. For comparison, the
mean ACL values for herbs, grasses and alpine dwarf shrubs
are much higher, ranging from 29.9 to 30.4. Similarly, the
(nC31+ nC33) / (nC27+ nC31+ nC33) ratio of the decidu-
ous tree samples is very low (0.06), whereas the mean n-
alkane ratios of the other vegetation types are much higher
(ranging from 0.63 to 0.95). This finding provides evidence
that the chemotaxonomic differentiation between trees and
shrubs versus grasses and herbs as suggested by, for ex-
ample, Zech et al. (2009) needs regional calibration and/or
validation (e.g. Schäfer et al., 2016; Bliedtner et al., 2018;
Lemma et al., 2019; Trigui et al., 2019; Struck et al., 2020).
In our Ullafelsen case study, the chemotaxonomic poten-
tial for reconstructing vegetation changes can be specified in
terms of subalpine deciduous trees (Betula and Alnus) versus
alpine grass, juniper and dwarf shrubland (including herbs),
whereas the n-alkane biomarkers are “blind” for coniferous
trees dominating the montane zone.
3.2 TOC, TOC/N, δ13C, δ15N and BC contents of soil
profiles on the Ullafelsen
The TOC contents of the soil profiles on the Ullafelsen cover
a wide range from 0.3 % to 28.8 % (Fig. 5). High TOC con-
tents and stocks are indeed to be expected especially in sub-
alpine soils near the timberline (Egli et al., 2006). Apart
from high TOC values in the OAh1 horizon (ranging from
14.2 % to 19.3 %), TOC maxima occur in the OAh3 and the
2Ahb?/Bh? horizons (Fig. 5). In fact, the two highest TOC
values (25.0 % and 28.8 %) of this dataset were measured for
the OAh3 horizon of profiles 1.1 G5N and 1.9 NW. This is
in agreement with the OAh3 horizon on the Ullafelsen be-
ing often characterised by dark colours (indicating humus en-
richment) and often containing charcoal particles (cf. Fig. 2).
TOC maxima in the 2Ahb?/Bh? horizon range from 4.8 %
to 8.3 % and are expected both in the case of the burial of
a former topsoil and in the case of podzolisation. Hence, the
TOC results do not allow us to distinguish between these two
options.
The TOC /N ratio on the Ullafelsen ranges from 12.4 to
37.2 (Fig. 5). Such high ratios also in the subsoils are typical
for podzols (Zech et al., 2014) or charcoal-rich Anthrosols
(Glaser et al., 2001; Glaser and Birk, 2012). Apart from the
one outlier in the LL of profile 1.1 G5W (37.2), the highest
TOC /N ratios are observed in the OAh3 horizon (ranging
from 27.7 to 33.8). This again reflects geochemically that the
OAh3 horizon overlies the LL as the Mesolithic living floor
and often contains charcoal particles characterised by high
TOC /N ratios (Fig. 2).
The δ13C values range from −26.3 ‰ to −24.4 ‰ and are
thus well within the range to be expected for soils under C3
vegetation (Glaser, 2005). Due to low pH values of our sam-
ples and the risk of δ13C biases (Brodie et al., 2011), we re-
frained from an HCl pretreatment prior to sample analyses.
At the same time, carbonates are known to be 13C-enriched.
Traces of dolomite were reported to occur sporadically espe-
cially in the LL and are considered residues of late glacial
aeolian dust input (Geitner et al., 2011, 2014). Aeolian dust
input is well known for the Northern Limestone Alps, too
(Küfmann, 2003, 2008; Gild et al., 2018), and needs also to
be considered as a process for the Middle and Late Holocene
coverage of the Mesolithic living floor LL on the Ullafelsen.
However, neither the LL nor the overlying horizons indi-
cate a dolomite-induced 13C enrichment. By contrast, the LL
yielded the most negative δ13C values (Fig. 5). We suggest
that this reflects the preferential removal of 13C-enriched and
water-soluble soil organic carbon pools such as pectin, sug-
ars and amino acids compared to 13C-depleted and water-
insoluble pools such as lignins and lipids (cf. Glaser, 2005)
by podzolisation.
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Figure 4. Total n-alkane content (TAC), average chain length (ACL) and n-alkane ratio – (nC31+ nC33) / (nC27+ nC31+ nC33) – of
typical and dominant vegetation types on and around the Ullafelsen. Note that the very low TACs of coniferous trees (excluding juniper) and
mosses (grey bar) hinder reconstructing respective vegetation changes using ACL and n-alkane ratios from soils.
Figure 5. Box plots illustrating the total organic carbon content (TOC), the carbon to nitrogen ratio (TOC /N), the stable carbon isotopic
composition δ13C, the stable nitrogen isotopic composition δ15N and the black carbon content (BC) in both grams per kilogram (g kg−1)
soil and grams per kilogram TOC for the investigated soil profiles.
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Figure 6. Box plots illustrating the comparison of the δ15N results
of the OAh1-3 horizons from the Ullafelsen versus the δ15N results
of the OAh horizons from the reference soil profiles.
Figure 5 moreover depicts the δ15N values which range
from 2.7 ‰ to 9.1 ‰, with the upper part of the profiles be-
ing characterised by more positive values. Although shifts
towards more positive δ values by degradation need to be
considered both for δ13C and δ15N values of soils and sed-
iments (Zech et al., 2007), δ15N is best described as an
integrating indicator of the N cycle. Accordingly, ecosys-
tem disturbances associated with the opening of the N cy-
cle result in more positive δ15N values. For instance, Zech
et al. (2011a) reported that intensively grazed pastures in the
high-mountain areas of the eastern Pamirs are significantly
15N-enriched by 3.5 ‰ compared to less exploited pastures.
The high δ15N values in the upper part of the Ullafelsen soil
profiles therefore probably reflect the anthropo-zoological
disturbance by Alpine farming (trampling and dung/urine by
cows and sheep) since the Bronze Age (Haas et al., 2007;
Pindur et al., 2007). On average, the OAh horizons from the
Ullafelsen yield a δ15N value of 7.7 ‰ compared to a δ15N
value of 4.6 ‰ for the OAh horizons of all reference soil pro-
files (Table S2 and Fig. 6). The δ15N values of the LL are
not statistically significantly more positive compared to the
E horizons of the reference soil profiles and thus do not pro-
vide any evidence for the human-induced disturbance during
the Mesolithic.
The BC contents on the Ullafelsen reach up to 14.7 g kg−1
soil and 165.4 g kg−1 TOC (Fig. 5). For comparison, the
famous and anthropogenically developed “Terra Preta” in
the Amazonian Basin yielded similarly high BC contents of
around 11± 5 g kg−1 soil and around 200± 30 g kg−1 TOC
(Glaser et al., 2001). For the Nordic Dark Earth of Slavic set-
tlements, Wiedner et al. (2015) reported BC contents of up
to 7.5 g kg−1 soil compared to a maximum 1.1 g kg−1 soil in
reference soils. On the Ullafelsen, the OAh3 horizon reveals
a distinct BC maximum (Fig. 5). When referring to grams per
kilogram TOC, the LL also yielded higher BC contents than
other horizons. This finding nicely reflects the field observa-
tions as documented during the (geo-)archaeological excava-
tions that the fire places and the highest char particle abun-
dance typically occur in or directly above the Mesolithic liv-
ing floor LL. One might be surprised that the BC contents
are not zero in the subsoil horizons Bv and BvCv where
no char particles occur. However, BPCAs are not exclu-
sive biomarkers for char. Humic and fulvic acids, as well as
lignin-like structures, are compound classes typically dom-
inating in dissolved organic matter of Podzols, and they are
built up of (partly condensed) aromatic macromolecules, too.
The latter, therefore, also produce BPCAs during the ana-
lytical BC analyses and are actually to be expected in sub-
soils of Podzols. Last but not least, we calculated the ratio
of the individual BPCAs with five and six carboxylic groups
(B5CA /B6CA) (Table 2). For the OAh3 horizon and the LL,
where we argue that increased BC contents are fire-induced,
we detected ratios of 0.65 and 0.60, respectively. According
to Wolf et al. (2013), ratios < 0.8 are indicative of domes-
tic fires, whereas ratios > 0.8 are typical for forest ground or
grass fires. The low B5CA /B6CA ratios hence provide evi-
dence that the charcoal in and on the LL of the Ullafelsen is
of human rather than natural origin.
3.3 The n-alkane contents and patterns of soil profiles
on the Ullafelsen
The total n-alkane contents (TACs) in the OAh horizons
range from 3 to 148 µg g−1 soil and from 61 to 648 µg g−1
TOC, respectively (Fig. 7). For comparison, the TACs of
the OAh horizons of the reference soils range from 13 to
106 µg g−1 soil and from 238 to 635 µg g−1 TOC, respec-
tively (cf. Table S2, data not illustrated). The OEP values
range from 4.1 to 24.3 and are highest in the topmost OAh1
horizon (Fig. 7). This indicates fresh leaf wax input by plant
litter on top and a certain degree of n-alkane degradation (cf.
Zech et al., 2011c) in the deeper horizons. Both the TAC and
the OEP values of the Ullafelsen are well within the range to
be expected for very organic-rich mineral topsoils (Schäfer et
al., 2016; Bliedtner et al., 2018; Lemma et al., 2019; Trigui
et al., 2019; Struck et al., 2020).
Strikingly, the LL contains very low TACs, and no n-
alkanes at all were detectable in most 2Ahb?/Bh?, Bs and
BvCv horizons (Fig. 7) despite partly strong modern root
penetration occurring in these latter subsoil horizons (Geit-
ner et al., 2011). This finding is in agreement with previous
studies reporting that roots do not or at least only negligibly
contribute to the n-alkane pools of subsoils and sediments
(Zech et al., 2012; Häggi et al., 2014). Moreover, this find-
ing undoubtedly rules out the assumption that the 2Ahb?/Bh?
horizon on the Ullafelsen could be a buried late glacial top-
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Table 2. Mean BPCA pattern (in %) and B5CA /B6CA ratio of soil horizons on the Ullafelsen.
Horizon B3CA ± B4CA ± B5CA ± B6CA ± B5CA /B6CA
OAh1 (n= 3) 8 3 31 5 27 4 34 4 0.80
OAh2 (n= 3) 8 2 28 4 28 1 36 5 0.79
OAh3 (n= 3)1 6 1 23 1 28 4 43 4 0.65
LL (n= 8)1 5 3 24 3 27 3 44 6 0.60
2Ahb?/Bh? (n= 6)2 4 2 21 6 23 2 51 7 0.45
Bs (n= 5)2 4 4 30 11 24 2 42 13 0.57
BvCv (n= 5)2 2 5 47 35 27 20 23 32 1.17
1 BC content maxima and the finding of char particles in the OAh3 horizon and the LL indicate that the respective BPCAs are
primarily fire-derived. 2 The absence of char particles and the identification of these horizons as Podzol subsoils suggest that the
respective BPCAs are not fire-derived but primarily originate from translocated and adsorbed dissolved organic matter.
Figure 7. Box plots illustrating the total n-alkane content (TAC) in both micrograms per gram soil and micrograms per gram TOC, the
odd-over-even predominance (OEP), the average change length (ACL), and the n-alkane ratio (nC31+ nC33) / (nC27+ nC31+ nC33) for
the investigated soil profiles.
soil (2Ahb). In the latter case, leaf wax n-alkanes would
have been deposited on and incorporated in this horizon. The
humus accumulation of this horizon under discussion must
therefore be attributed to other processes than leaf litter de-
position, namely to organic matter translocation by podzoli-
sation (→ Bh horizon) and to a certain degree also to root
input and rhizodeposition1.
For comparison, 15 horizons from the reference soil
profiles were classified during fieldwork as 2Ahb, Bh or
2Ahb?/Bh? horizons. Figure 8 illustrates that the TACs for
these samples yielded a bimodal histogram distribution. Ei-
ther the samples yielded TACs of > 500 µg g−1 TOC, re-
vealing that these are indeed 2Ahb horizons, or they yielded
TACs of mostly < 100 µg g−1 TOC, revealing that these are
Bh horizons.
1Please note once again that n-alkanes are important con-
stituents of leaf waxes and are hardly biosynthesised by roots.
Moreover, n-alkanes are not water-soluble and thus not prone to
translocation processes in soils (except for in particle-bound form
by lessivation).
The ACL values from the Ullafelsen soil profiles range
from 29.6 to 30.6 with a trend towards higher values
from the LL to the OAh1 horizon (Fig. 7). Similarly,
the (nC31+ nC33) / (nC27+ nC31+ nC33) ratio ranges from
0.53 to 0.75 and shows a slight increase from the LL to the
OAh1 horizon, too. The ACL range thus corresponds well
with the ACL values of the modern reference herbs, grasses
and alpine dwarf shrubs with no indication of a significant
contribution of deciduous trees (cf. Fig. 4). By contrast, the
(nC31+ nC33) / (nC27+ nC31+ nC33) ratio of the soils is
lower than the ratio yielded for the modern reference grasses
and alpine dwarf shrubs; they fall within the range yielded
for the modern reference herbs. On the one hand, we can
certainly rule out a deciduous tree predominance on the Ul-
lafelsen from these results. On the other hand, one may be
tempted to reconstruct vegetation changes in terms of a herb
predominance during the formation of the LL followed by an
increasing grass and alpine shrub contribution towards the
OAh1 horizon. However, we suggest caution against such a
more in-depth vegetation reconstruction because n-alkane ra-
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Figure 8. Histograms depicting the bimodal distribution of total n-
alkane contents of 2Ahb?/Bh? horizons from reference soil profiles
in the Fotsch Valley.
tios are known to be affected by degradation (Zech et al.,
2011c, 2012; Schäfer et al., 2016), and the above-presented
OEP results clearly suggest that the n-alkanes in the OAh1
horizon are less degraded than the n-alkanes of the underly-
ing horizons.
3.4 Bulk, charcoal and n-alkane 14C ages of soil
profiles on the Ullafelsen
Four bulk soil samples from the 2Ahb?/Bh? horizon on the
Ullafelsen were 14C dated without any pretreatment. These
analyses yielded calibrated ages ranging from 2.7± 0.1 to
2.1± 0.1 cal kyr BP (Table 1 and Fig. 9), which is much
younger compared to the charcoals found in and above the
LL and thus overlying the 2Ahb?/Bh? horizon. According
to Schäfer (2011b), the fire places date between 10.9 and
9.5 cal kyr BP, and the fire place RP20 discovered and dated
within this follow-up study dates between 10.3± 0.3 and
9.6± 0.3 cal kyr BP (Table 1). This prominent 14C age inver-
sion has to be interpreted in terms of a strong rejuvenation of
the bulk soil organic carbon in the 2Ahb?/Bh? horizon. Both
modern root input and modern podzolisation need to be con-
sidered. Typically, podzolisation occurs in mineral soils cov-
ered by an acidic O layer rich in decomposing conifer nee-
dles or dwarf shrub litter. Although the Ullafelsen is nowa-
days grass-predominant, the up to 15 cm thick OAh hori-
zon is characterised by very low pH values of 3.7 (Geit-
ner et al., 2011) favouring podzolisation. In order to remove
young carbon pools and thus to yield ages for old and re-
silient soil organic carbon pools reflecting the start of hu-
mus enrichment, we applied both HCl and H2O2 pretreat-
Figure 9. Results of radiocarbon analyses for untreated and pre-
treated soil samples, charcoal, and bulk n-alkanes from the Ul-
lafelsen shown in stratigraphical position.
ment to five 2Ahb?/Bh? samples. Accordingly, HCl pretreat-
ment yielded calibrated 14C ages ranging from 3.6± 0.2 to
2.5± 0.2 cal kyr BP, and H2O2 pretreatment (after Favilli et
al., 2009) yielded calibrated 14C ages ranging from 6.7± 0.2
to 5.4± 0.2 cal kyr BP (Table 1 and Fig. 9). Hence, radio-
carbon dating does not provide evidence for a late glacial
or an Early Holocene 2Ahb?/Bh? formation pre-dating the
Mesolithic living floor LL.
Last but not least, seven bulk n-alkane samples from the
LL of soil profiles on the Ullafelsen yielded 14C ages dat-
ing between 8.2± 0.1 and 4.9± 0.2 cal kyr BP (Table 1 and
Fig. 9). This is younger than one might expect at first glance
because the Mesolithic living floor LL was utilised from 10.9
to 9.5 cal kyr BP according to the radiocarbon dating of the
fire places. Given that a noteworthy post-depositional reju-
venation of n-alkane pools in subsoils by roots and aqueous
translocation can be excluded (Zech et al., 2017; Lerch et
al., 2018), this finding suggests that during and shortly af-
ter the Mesolithic occupation no vegetation prevailed on the
Ullafelsen producing significant amounts of n-alkanes. As
discussed in Sect. 3.1, most conifers produce no or negli-
gible amounts of n-alkanes. A conifer-predominated vege-
tation cover on the Ullafelsen at 1869 m a.s.l. directly after
the Mesolithic occupation is indeed to be expected accord-
ing to timberline reconstructions in the region. For instance,
Staffler et al. (2011) and Kutschera et al. (2014) reported
that in the neighbouring Ötztal the timberline was at around
2450 m a.s.l. between ∼ 10 to 5 cal kyr BP. Subsequently, the
timberline was depressed by several hundred metres due to
an intensification of alpine pasturing. Similarly, the Neolithic
presence of humans and their domestic livestock is docu-
mented for the Zillertal Alps from about 6.1 cal kyr BP on-
wards (Haas et al., 2007; Pindur et al., 2007). We infer that on
the Ullafelsen a noteworthy n-alkane production by grasses,
herbs and dwarf shrubs predominating in the alpine pastures
started only during the Neolithic or the Bronze Age. A more
in-depth chronological assessment for the Fotsch Valley re-
quires other environmental archives than the Ullafelsen soil
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Figure 10. Didactically simplified revised scenario illustrating the hypothetical sequence of pedogenetic phases at the Ullafelsen (after
Geitner et al., 2011, 2014).
profiles, such as peat bogs as high-resolution archives, and is
a work in progress.
4 Conclusions, synthesis and outlook
Revisiting the Mesolithic site Ullafelsen in the Fotsch Valley
with hitherto not applied biomarker, stable isotope and addi-
tional radiocarbon dating tools paid off. Based on our results
and the discussion, the following conclusions can be drawn.
The total n-alkane content (TAC) was developed for the
first time as an unambiguous proxy for distinguishing be-
tween buried (= fossil) 2Ahb topsoils and humus-enriched
subsoils such as Bh horizons of podzols. Based on this proxy,
we can rule out that the 2Ahb?/Bh? horizon on the Ullafelsen
is a buried topsoil. It developed by podzolisation as a Bh hori-
zon below the LL and above a Bs horizon.
The LL is corroborated as the Mesolithic living floor and
at the same time as an eluvial albic E horizon. It is charac-
terised by the most negative δ13C values of the soil profiles
on the Ullafelsen. This can be attributed to the selective re-
moval of water-soluble soil organic carbon pools by eluvia-
tion. The LL and the overlying OAh3 horizon yielded distinct
fire-induced BC maxima, with B5CA /B6CA ratios pointing
to human-induced fires rather than natural fires.
High δ15N values in the LL and the overlying OAh hori-
zons indicate anthropo-zoological disturbance and N-cycle
opening by alpine farming (trampling and dung/urine input).
Given that a Mesolithic human disturbance cannot be in-
ferred from these results, ongoing work focusses, amongst
others, on human- versus herbivore-specific faecal sterol and
bile acid biomarkers.
Leaf-wax-derived n-alkane biomarkers allow us to chemo-
taxonomically distinguish between subalpine deciduous trees
(nC27 predominance) versus (sub)alpine grasses, herbs and
dwarf shrubs (nC29, nC31 and/or nC33 predominance). Ex-
cept for Juniperus, conifers produce no or extremely low n-
alkane contents.
We caution against an in-depth vegetation reconstruction
based on the rather small variability in n-alkane patterns
on the Ullafelsen due to degradation effects. Yet, 14C ages
of bulk n-alkanes ranging from 8.2 to 4.9 cal kyr BP com-
pared to Mesolithic charcoal 14C ages ranging from 10.9
to 9.5 cal kyr BP suggest that an n-alkane-producing vegeta-
tion cover (grasses, herbs or dwarf shrubs) did not start to
predominate immediately after the Mesolithic abandonment.
Instead, non-n-alkane-producing conifers should have dom-
inated the vegetation cover, which is in agreement with tim-
berline reconstructions for the Central Alps.
Our new data and insights into pedogenesis, human impact
and landscape evolution from the Ullafelsen complement
and partly revise previous studies and scenarios (Fig. 10).
(1) While Geitner et al. (2011, 2014) suggested that the
humus-rich horizon under the LL represents a late glacial
buried topsoil, we did not find respective evidence either
based on our leaf-wax-derived n-alkane analyses or based on
our applied radiocarbon dating approaches. Similarly, no 14C
ages pre-dating the Holocene were obtained for basal sam-
ples of three peat bogs cored in the Fotsch Valley. (2) Ac-
cording to Geitner et al. (2011, 2014), aeolian dust deposi-
tion contributed to the build-up of the LL during the Younger
Dryas and continued during the Holocene. This allowed the
OAh horizons to build-up. (3) During the Mesolithic oc-
cupation, artefacts and charcoal were deposited on the LL.
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(4) However, we suggest in our revised scenario that the
light-coloured feature of the LL developed primarily only af-
ter the Mesolithic abandonment, namely when conifer vege-
tation dominated the Ullafelsen from 9.5 cal kyr BP onwards
and abundant conifer needle litter favoured podzolisation.
Only during that period did the pronounced bleaching of the
LL and thus the transformation of the LL into an E hori-
zon occur. Synchronously, the underlying Bh and Bs hori-
zons started to develop. (5) A major human-induced vegeta-
tion change should have occurred with the onset and the in-
tensification of alpine pasturing during the Neolithic and the
Bronze Age. The low pH values (< 4) suggest that podzolisa-
tion still continues under the modern-day pasture vegetation
predominated by grasses, herbs and dwarf shrubs.
Further follow-up studies in the Fotsch Valley focus on
(i) the spatial distribution patterns of geochemical (TOC,
TOC /N, P, Fe) and isotope (δ15N, δ13C) patterns on the Ul-
lafelsen, (ii) the identification of human- versus herbivore-
specific faecal sterol and bile acid biomarkers, and (iii) in-
vestigating high-resolution peat archives.
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